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Abstract
Pilot.ahlin_ to improve safety and reduce pilot workloa.d
to detect ol)>`la.rh'sand pla.nol'_sta<:te-freeIli_ht p;tth+>d`ur-
hu4 low altiiud(' helicol)ter flight i>` dr.,,ir_d)k_.C,oml-mter
vi>i(m trchtdqu('s provide an all racily(' ,rod, hod ofol>>`tach'
dei('('t, hJN arid ra.._'+_ e>`timatio, t't_r ol).ir<:is withi, a. lar_r
IMd of vi'++w ahead of i,l.' hrlicol)ler, l)t'cvi()il>` l('>`rart'h
ha+'-, lliCt ro.>`id'++ral)le >`u(+('e>`+ l>y u+h,R a. +titan,'+' +rqllCll(:c
ll'oltt ;t >`iltgt(' ll|Ovin_ +.:alnera in >`olvit,_ It,i>, l>rt+l_h:m. 'l'hr
llIiliOl Iitnit;it+on+ of _ingl'+ + (:alli,.:t'a alHiroa.ch'+'>` art that no
ritlI_t' illfOl'lltiltiOll ('till l)(+ ol)Iaint+d ll'+!;trlhc itIM ;lilt ;HI(>'+)II>`
dh(.'+:liu, of tm:,ti(m or i. tiw ah>`'+mr'+Pof itl,:)t,i()Ul. +rh(++r
lilliil;it+Oll>` <;_ill I>(' tyv(+rt'¢)lll(' thrc..+4h the ,I>`(' of n+tilliph+
'+'amrra>. 'l'hi>` l;a.F,('r [)rcs'++llt>` ;I hyl:,rid motion/st(+reo al-
_ot'ithm which allow:+, ra.gr rrliti,em(!nt t,hrtm_,h r'+x:tii:s+vc
ralUAe (++'..Iit+tat io. while avoidi,i_ Io>`>` of ran_,¢: +nf()rlnation
i. thr dh'rci, k)n of trawd. +\ I'+'aturr based ;qq+ro;wh is
If+t+(] to I l';t('l'_ ohjt>ct:.-, l'_,01'we(m +lilii_(+ ft'lillltP>`. :\it c,×I_+li(t('tI
l%.It.a, lilt,+++ (:Olllbilies k.owl'++d_:+ of thr C,3.11l(+l';l+ lllO'_iOll
iill(l ItlC;i>`ltt't'tltCllt>` of 3. frat, ure'+ hl,a_r lOt'_tit+)It to rc('lll'-
+ivrly t.Mh+ta.te i,h(_ l'('+IIlll'+P++ ratty,:+ and It) l)redi<'t its Io-
(';t. ii(Jtl ill future ilil_itt!,(%+ I)crf()t'liian(:c of the alF, orittini
will I. ilhiMrahxl ii>`hl_ all hnag(' >`'+'qll(!ll('('. inolion hi-
torlli;ilioii, alld indrl>tmdvnl lall_C ill_!a_llr(_ili(qli$ frolll
low alliliid+' heli(ol)ler tti,_hl (,Xl+('l'iili('itt.
t Introduction
'l't) iti'+'r(<a>`e _.+l.fety aild inil)rt)ve Ini>.>`iol/ effrclivrtic>`>` dur-
illg I(Jx_'r--;ltlitti(l( ' h+'li+'Otii'+'r |light, NATA :\ill('>` [le+I.'itr('h
('('lllt'r ill C'+)IIj,lli'+tioit with tlic l;.B..,'\rtnv ha>` heon de-
vt,lol)iii_ alll<-)lnaliOil tool>` to as+i>`t pilot>` hi detecting
t)h>`ta<'lr_, anti plalillili_ ol)+la(:lc-frc0 flip, hi pat, h>`. The
lilo>l c'liallcii_hl_, illOdC (if Iow-illiiiud'+' tti_ht i>` Nap-of-
the- I'{_u'lti (N()l']) tli+Ahi,, (:haraclcl'iZr(I by lateral ni+ineu-
+ri>` Iwlow l lcc-toi) l.vrl in t)l-dcr to (OtlCea.l the IMicopter
hrhiii<l avail,ihtc lerrahi or lllal,-III;tlt(' oh ieci+. All Oil-
Ihlr >l'll_,oi' It. i g,;!+t[l(>r ob>`tarlr intorlrl3+Lion i>` i'(Xlllired for
i)ih)l-aidhi_ durin_ NOt'] tlitAlit t)ct:att>`c cxi,,<till_ i-+ pYTt>ri
I<,llahi dal;/+il<'h ;t>`,,di_iial liial)>` (l) >`iiif(!r frolii in_-l(X;ili'+i-
<it,>, lar_.++l th,tn ltic vetlirto% atiil uttt', 17) have hl+lltfi('iCll{
i''+.>`()lilli()li io +tlow ob>`ta('te>` +li('h a>` l, rct'+++;t+iid I)liiidil,,>`,
alltl (;/) tailliOl ea>`ity a('(:t)lilll, for (:hali_C>` hi the lerrahi
>`ii('li a._ ltic _,rowth of iiew I rt!t!$ oi +tti(! con+irtictiOli of new
t)lii[',(ii/_+. \:i>`ititt >`('l[_()l'>` ltrl' (tt'_{l'iit)(_ for OI)i:<tillilt_> ill('
Oli]ilir ot)>`tiicte hlfoliilalioli d,,(' Io theh pa>`,_iv+' ll+tt, lire
and rrlaiiv01y lai'_e fMd of vh,w.
The ¢:la,,.>`iii(ation of (Jl+>`t,;t(:Jt_>i`>` illill'+,c'+',_>`;I.ry for ;t(:
<t)nil)li>`lihi _ tilt ol)Maclr av¢)idan<:'(! t a>`k twca.tisc it is suf-
tWielil to i+void aH ob...tat:h+>` re_al'tltc>`>` of idenlity. It is
therefore reqliired only that tile vision system provide po-
>`il,ic)ii infornlation for ea(+h objcct hi the field of view. In
practice t, tic vi>`ion _yMOlil Mtenlpts i,o COlllpUte _ i+all_e
liia.p dct)ictitig ttie disi+n(:e to the t0rrahi for each point
in the fluid of view.
A (X)ll/lilOli al)l)roacll to this probieni llHlk(.'s liSP of
+ill iliill+_(! >`C(lll('llt't' t:OIIr(:t'+_(I fr()lli _ >`ingle r+lloving C_llll-
Cl'+i and in >`()ill(' '+'_i.+-,(''_ l hr (';t, nl('+l'3+_. '-+ niol.ion informatioti.
7niall re_iOil>` of hilcrr>`t (('ailed [('_aturt!>`) +ire identified in
_l.II illl;it!l.' , tlir f('atlllXC>` Ioratii)n i_ ii';wked hi successive
illia_('s, all(] a r(+t'Ul'_ivc tilter i>` il>`+,!(I to eMililal,e i'aii_e
_tn<t/or r;iliitq'a nioiion [], 7, 3]. Th(. _t+uihors h_+ve previ-
oli>`ly (Icveh)prd ;<l+li;llgoi+ithlll of tilis (:l_t+s>`and (!v_llla.tcd
it,,, t)(!rforiliali(:( ' with helicopter fti_ht (lMa as (t0serit)e(l itl
[<1, ,_>,6]. ]\ lii3.jor lilnitation of 1,iris +tpproach is that r_nge
infornlation cliiinol |_, obtained aton_ the in>`lal+ltaneou_
tlirrction of motion and, in practire, re.ti+_ble raligc infor-
li+l;_li(Jii (alliiOt t)c obtained ('.v<'!il for objects lying ll(>_t.I'
Ihe dii''+'ction of iiiolion. This linlit+ttion ('_lil I)e ov(,rcolli(!
Ihroil_h the ttse of iittiitip[c cai+neras nlonilt,ed so their
I)a>`riilie i_ rou<_lily iiortna+l to thc inoiion direction [7, 8]+
:\ h+vl)rid nlotion/sterco algorittlnl is presentcti in this p_-
per which _dlow_ i';tll_,O re|hienient l,tiroli_ti recursiw_ r_iigc
cMiniation while avoittiii_ to_.s (.)f i+anl4(! hlforination hi tile
tl{rcction of ti'_+_vet.
The exten(lcd [{alnlan filter provides a COliVellicnt
strlt('tllr(! for 1,h(! iillldelllOlit,-%tion of nlotion/sl0reo rangy
c>`ihiiatk)n+ The K;-thlian fill,er _llow,_ for i'_ll_e r(_f+<ii(,liielit
i,t, rou_h reclir>`ive r_tin/alion, t:lirlhcrnlore, ttie l'all_C
pt+(,di(qion gcneralcd thirhl_, the lilnc updalc >`ci'vr>` to
con>`iraiil i he >`earth area required to locale tile feature
hi flit, ur(! hita_r>`.
A low-altitude" tielitx)ptrr tlight eXl)erilneni Ila>` I)ecn
<;:oiidiictcd to obiahi re<_listic d_ta for eva.luMhl_ lhe mo-
tion/>`tereo al_,orilhni. The flight e×perhnrnt tlrovi(le>`
vi<h,o hiia_ery frolli two itionochrotiie vhl0o ('aiiicra_, IMi-
copier niotion dal,a, arid ¢_t+irlera ca]ibr<_lion hlforlilM, ion.
Tl'llt+ I'_tll_(! lllC,'l>`lll'(_lll(!llt>` h3+vc boen ot)tai,ted u>`in_ a
ta>`cr tra(:kcr io allow evaluation o[" the alRorJthln'>` p(,l-
t()iiil_i i1( t!.
The pliil)o_(: of this paper i>` lo th,+_crib_, a ]{atinail fib
t(!r ba>`etl iliOl iOli l>`l.,<'t) I'atit_,hi,_, alt4ol'it h ill and to presenl
t)rcthnilla.ry rt,>`litl>` ot)taiti'+,d usint!, dafa frolll a helk:opter
tli_llt rxl)_rhil(!ili,+ 7tx:liOlt 7 will di>`cu>`>` ihe t'_hilali filter
illll>10111+,,litatioli of the tlit)t,ion/M(!rct)iillit_.ilt_ _[g()rithni.
_(!('tit)ii ;I will des(:ribo th(' h(,li(:optrr tlight (Jxt)(!l'illl(_nl,
alid (:atibr_ti(in of the ('amer_t ,_yM+:lrl. fix _(t{oit 4, pre-
Ihnhlary i'e.'<iill>` ol)tahied ushlg the exl)('i'hnc+litai ttata arid
i,ht! inotioii/>`t(!r_!o all4orilhni will bc l)rc>`enird. Finally,
_t,cliOli 3 will conll)lelt! th(:" paper with i_. brief di>`CllS_ion
and (:on(:lll(lin_ 10n/ark>`+
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2 Kalman Filter
The l)roposcd all4orithnl uses a f(!atur(' I)as_xl nicthod in
whMi tim image is tr(ral('d as a (:()lift:rio. t)f tokens or l'ca-
lures and iiiforma/it_n (reich as ran_4e) is ('omput(xl only
[or the individn;ll feal, urcs ililht,i than t'oi ,,very pt:,hil in
<he iin;t_e, ('urrenlly, features lit( + dl,lin(xl io 1)(+ 11 x
I I .StlUarc pi×cl hiiagu F,atchus which t'xliibii a sulfitqt!nlly
lii_h hilcnsily vari;'tliCt,. :\ Il'alilru '_, \)ca<ion hi anol]i(!r
illlatZ, e is tl(,t, el+llihit,d by corrt'lalit)li ot Ihu lual ii1+1,++hileii-
.,.it)' Sllrfact + wilt< <lit, ilil( iisiiy Sllr[acu o[ tilt, ol,}i[:r iliiag,(+.
The (:clrrel_lioil Silt[act, is t,hi,n iiilui'l)olall,d ill lhu r('g, il)ll
ilt!,:lr its w>ak. a.nd lhe lt:,(_a.lit)n ol ltit, itlsntting, peak ix
lakt,.ll to tit, Ille t]gtlllrU's It)catiOll Io _.ilt,f,ixul a.CCllra./_y.
]+'ealill'eS c,_lli fie bt)rn witii t,;icli lit,w illla_l,, aiid old f('a+
I ill't,,'. <1i(' wiil+n lhey Jail lu I)<+ Ir;'i(k_,d t)t,lwuen iinag, es.
}:urlh(,r iliSCliSsion o[ ['t>alillt, dl,tudion alill t lackhl_ caii
bu toiliid hi Ilet. 1,1, +i].
In ()ill' inil+l('lnunlalit)n, a K;lllllail till,.r i'-, associalt,d
witli u;'iCll It,alilr< ` for d(,lt, llllhlilig ihu I()_alion ot'llie ob-
j,+,'t wllicti _ives rise io I,liu [t,alllr_,. I'tl_' inolion/,,.lereo
K;illilall lilier i:- itll ('xlt'llSitlll tl[ ill, < ill.till<it<liar I'adl!_l' CSti
ilialiOli Kaliliali tihcr d_,riv<,d ill an uarliul work [lli]. Both
tillt,rs it'l_, ()li ihu aSSllllilllil)llS Ihal ;'ill iA)iccis t)[ iiileruM
+11"_ + Mlilit)ll;ir_,' in ;ill 1'Tarih Iix(.d halltl. ;illll Ihal Ilit'aSllrl'-
Ill,'IllS t)l L lilt' i';illt('l'+l+'S Iilit'ar and all,ill+i< v(q(.:ili<,_. ;il't'
availablu II'roni all hit'rlial lia',.i_;llit)li s+iMUlli, toi + _r!XilJII-
ph'). 'lht + r,".litiili_ slalu ('qiiaiioll is itll t'×l)i'ussi(Jn o[ <tic
('()ri,,li, _Xl_lalion:
,7_ [...}+\ v it)
_.V[II<I + '
.\ --- [.r , q., : is ix il., <)l)i,,i l+-sititm ,,:.laliv. It, tttt, cam-
t,l;i, +' [ , .... ",''+' .IS i> lh,, (;illlt'rli'y, +lllt!,ll[;il vul(Icity,
iilill / i", III1' tinuar v,,N)ciix. Iti_ + ililgi',.lll,qlltqll <'qua+lion
;icc(>iilllill_ [<)i p,,r,.p,x'iiv(, l+roiu(lioii ,>t Ill,, ,,tti('ci oiltl.)
lilt' illl;t_q' tllalit ' iX _iV(ql I+,qmv
z +_-/,_\l [],__i .... j_-/ ]'
'_\'h,ql+ _" - [11. +,]1 ix lhl. h)+atilm of ltll. <>l)i,<l ()II lilt'
itli;l_l phtiiu alitl / i _, Ihl, <;iliil,i+;i <-, t(),al It,ll_ih lit,r<+
ilu, _ alllt,l;l ax(+s llav_ + b_,t,n dvliiit,d wilh ill, + r ;ixi> pass+
in_, Ihlou_h I liu [()cal pOilil aild I)l'l'])Ulitli<illal io ill( Sl'li-
>l)i :il'l'ay, and !j_ ;tlltl "+. in <he diix,ction ot ill<, row., and
(i)hllllll:--; o[ lliu y>l'llSl)l" ;irra.v, r(':..i)ectiw,l$ Th,, ,,xit,ildetl
Kahiiali tilt(,l ix [i;,rlllcd by Iili_,ali/iilU hi.\') aboui lhl, cur-
id,lit >lall, ustilllalt, yh'ldinu,
Z - f/.7
II -=- ,flll.\)/i)X
= f[ I/,l:_ {) !] /'lz ]
'1'o ,'xt_>nd iht, I'(ainian lilt(,<" t'hltl';l( |<,lsizillil)ll f<)l t%VO ('_llil-
,'l'lib Wt' netxl addiiional iil('a)41irt,lllt!tit t,qualioii_ rtlalhig
2".' -- [u'. +"]l+, lhe illia_(' ll)caih)n <if" ill. same t)ltied in
ihu second (Nillll!ra. I,t,i .\" lit, ihc obit,ci posilion rt+la -
iiw, ll)lhe sccoiid Callllq';i. 'l'hl, r(,lalit)nshil) t)i,tiw+t,n lh+,
C;illltq'as ix of Ill(' ['Orlli
.\"= It.\-F 1'
Wilier<! [[_ ix a ;.I x ;.1 niatrix and T ix a vt:ctor represent-
iiig lit(! relatiw_ rolai, ion and translatit)n, resl)et:tively, I)e-
l,ween ihc lwo caliiora+s >eoordinatt_ sysl(_ills and ('(?nters t)f
i'(_ftr('li('('. Th(ql llle lliea.Sllrt_nieiit _ can t)u wiit, l(_il as
follows
Z' b(X') .... . ,, ,_7"
-= = [S_./-,o, j z+ t_: .<j
As ;l_[)l)V(., *,,v( _ 1;111 tier<re a ]inearizt,d lll(f;'l_SllF(?l]l(?lll e(llla-
liOil Ill _ lilt' [oll()Wilig forni
Z' = H'X
I1' = dh(.\ /<).\
'['lie l'(alnian till('r can be compulc(I [or the syM('nl us
ilig lilt, ,.t;ll,, ('qualion (I) and the (;onlposile Iinearizr,(I
111t _ilSll I'[ 'IIIC]II
Thus. l,ti( _ I(ahnan filler lneasureni(,nl ui)dale lna,y t)(! per-
[])rnl(:(t bast'd Oll l li_, ol)stach_ hie;ilion ill ;.ill)' iniagiii_, SOll-
sor l>l-(ivid[,d I It<+ liJcaliOil and orieiltalioii ()[ the S(!llSOr art!
klloWii rt'lali_c Io Ihe lt'[(>ren(;(! S(_llSOr systeln. Tilt, stert'o
s)<'M (:Ill li_s [()ill IIIt'a.Sllr(_lll('lllS and the Sa.llle sl.a.ie (\ill:t-
lions as lli(_ nit)lio('iila.r syMeni, ttas(xl ill)Oil l,h(, givt,n
Malt, and lli('aSllr(qili,lll oqlial, ions, lilt, full discreit_ lini(!
(!xlt!iltl(,(I Kitiilia.ii titter (!(luations Call b(! del'ived in llie
_tandai'd lilaiill_!r. This niethod Call b,r, exl,en(ted in lira
Salll(' ',va)' lo lilly litllllber t)[ (',itlll(q'ab.
'lhc i;tliL_(, (_sl, iiii;'t.l,i(lii process l)elhls wlieli a ft'alllre
is i[It'iiliti(:(I iit lht. inlagi: fro<i< oiie ca[il(,ra. A sler(!o niatch
is ilid(,rlnili[,d hy st,ar(:|iin_ aii area ill lhe image [roll< th(!
.,,.(,C()lid (aiii,,la wliich is consl, ra.in(xl 17%,,<l,i')rTorl va.hies _)f
lilt, nihihnliiii and iNaxinluili ralig(' of interest. The reSllil
ing M.l'(,t) i;lll_l, eMima.ie is lise(l It) initiMize ihc! t(Mnian
lillur, 'I'll,, inilial v;tlll(, of the K_t]lli;lll filler's state t't)-
wiriali(:_, inal rix in;'l.y also |)e t,sthnaletl or chos('[i a l)rTorL
l'li(_ l;iiitzu t,,--.Iiinai_' is lhen prol)a<_al_xl forw:<lr(l hi l inie t)y
Ih(, I(a]lli;lii till,,l, alld th(! pr(!di(:t(xt ,_taie v(x:lor and stal,,r!
('ov;iri;liic_' lll;il FiX _iv(' rise to a s(,ar(:h area to lie traverst,d
in I()t alinK ih, f+,al ilrt, ill tht' il('Xl inlag(' [9]. The l(ahliall
lili(,l iis(,s til,. ili<t(Cll(,d fig<fillt, Io(;'tlioilS Io |)er[orlil <is
iil(qiSllr_qiiulii lit>tlal.. As l]ie [(a]in;ln filt,'r ('OliVt!r_(,s.
<}it, '¢ahlu ()r lh_, sl_tl(, covariance liialrix tltx'r(';.ls('s l(_a(liilt4
It) sliialt(q'--_,;li+ti ;tl't=;is ;i_ii(I reduced coint)iltaiioiia] effori.
(iivun ilil.:llAi,s [r()lll <tie lwo ('allil,.ras ov(,r tin<(:, a vat<ely
t)[ lra.ckiii_ sch(>iii(!s arc' possit)le. Th<' Cllrrt!lil]y iill])lt_
lil(,niu(I al)l)roat'h is It;, inalch each f(!,'tlllr(; (1) froin i]ie
lef'l t:alliUia ai ihu (:ilrl'(_lil, tin<(, Io tht' le[i (_aill(_r;-i al <he
n(,xl Ihn(, aild [7) h'olli ih(' left caiii(!H al <.he ('llrrtqll Ill<i(,
it) ili(_ ril4]l_ (iilll(.l',i al i, li(_ il(>Xl lime. The above i)roo>
(hire. is il,i)(,al_tl [oi eavh fualllr(, until slich Ill<i(! as tile
[('alili'U taib. It, tw inalc}it,(I.
3 Flight Experiment
'l'li_ _ tMict>l)ler tti_til exlwrinit'nl contliiclod Io provhle raw
(laia and in(h'pelident irlil, h int'asiireili(_lllS tT)r devolop-
lilt,ill all(I validali()ll of passive railgill_ algorithms is il-
hiMHl(!d in t:i_ilr(' I. The i'('sllllill_ dala set int:]u(Ics
vitletJ ililag)qy [ioili 1wo liiOllochroiii(, vide<)ca.illelaS,hm
li(ol)iur iill)lit)ii clala [rOlil all Olll)Oad'd in(!rtial navigation
,.,ysllqn (I ,N_). l iu(, i'aii_(' in(!asur(,liieills obiaili(,(I wilh a
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Fi,_ure 1: Flight Experiment Overview
I"iKure 2: (Tamera htslallation
laser tracker, and experimentally determined camera <:al-
ibraiioN [)al';llll('lers which characteri,'e the get)lilt!try and
ima_i.,_ properties of line Calnera sys|(!ln.
'lhc It,st al)l>aratus consists of two (!<)hun (';,tl0
fllollochl'olne interlac('d vi(leo canleras inOllllted [ lneler
al:,all Oll a horizontal bar attached to the nose of a Irl[-(_{)
I_b.khawk IMi<:ol_tcr as shown in I:igure 2. Th(! <:alt.,ras
haw a fo<alleng.th of 6 nttn. a tMd of view ofS,_ x 15de-
_lecs aI.I tht'y arc electronically shutter('d with a I/Ill(Ill
N('C ('X[)()_III'(' |illlf' tO re<lllCe illl,::t_f! Slllf'ar (ill(' lo e;llllel?a
m(,li<m, The vi(Ico imagery front each camera is time
la_u.(I u:-.hlg a I)atllltl !1i_51) video time inserter unit and
r('<.r< hd u_iltg, a 5011y VO-S)(iO0 [[- ina|,i(' S I) video reeoMer
o._boa_d lhc helicopter. The i.lag_, arc ae(iNiled ai the
late' el 30 ['lallles/sex" per ealllera. 'Fhe l.'li(ol>ter_sntolion
slal_, is mcasur('d I)3' a IJllon LN!)I_ inertial navigation
svsl,,m (INS)and also recor(Icd onhoard the helicopter.
<\ la.-.cr Iraekcr measures the heli(:Ol)ter's l)osilion (luring
tli_hl and also measures th(! location of th(' (stationary)
_)1):-,Ia(h's o[ intere,'.t. Sytuchronization o[ th{! Val'iOt|s data
s.urc,'_, is a<'<'onll>lished I)3' recoMing, a master time index
ah>,g with _';l¢:h eh_menl Ill the dala sel..
I>o_,l-tli_ht pro<:essing consists el dig, ilizin,u, the
r,.,o,(h'd vide<, data into 512 x: 7>12 I+ixel imag<'s with 2.'_ti
I,:x'_'is of gl>;-ly. In addition, INN <leriw:d nloi,i(:.n data alld
lascr-irack('r dcriwxl position data are pro('(,sscd together
usin_ a forward-backward littering t,eehui(lUC [11] to en-
sure kineniatic cousistency and to identify and correct, for
any sensor bias or scale factor errors. The restllting un-
certainty in tile motion data is apt)roximately ± 2 ft in
positio,t, ± 0,01 (leg in orientation, ± 0.25 ft/sec in ve-
h)eity, arid _ 0.3 deg/see in angular velocity. ["iltered
motion data is desirable for deveh)pnient of tim ranging
algorithm, but in an operational system the motion state
would be acquired diret:tly from the INS.
The <'amera ealibration paramelers which character-
ize the camera systent consist of two sets: the external
paranleters which inchlde the geometrieal description of
the canlera systeni, anti the internal paratneters which de-
scribe the imaging t)roperties of the canteras. The exter-
nal paranieters allow the nlotion state itleabllrenlents to be
transfornled from lilt.' helicopter body axes (as defined by
the INS) to t.hc sensor axis system (as defined by the cant-
eras) for input to the l(ahna,t filter. Similarly, using the
external p_tralneters, range estimates can be trallsfornled
back fron!. Sellsor axes to body axes where they arc IllOre
useful to the pilots or to an obstacle-avoidance guidance
systenl, hi addition, the external t)arameters l)rovide the
cameras' relative orientation, which is required for the
stereo component of the ranging algorithtn. The internal
parameters detine tim nlapping froni poi,tts ill tic(', sen-
sot" axis systenl to pixel row and cohlmn coordinates in
a digitized image. Internal parameters include tile focal
length, the. [)ixe[ lo{'ation where the .r, axis ])asses through
the image plane, the effective dinlensions of the pixels in-
eluding any stretching et['ects eaused by tile recording and
digitization process, attd any distortion effects. There are
a total of six external parameters and 5 internal l>aram -
eters (assu ruing, no dish)rtion ) for each camera. Vv'e have
not yet found it ilecessary to model distortion ternts with
the ranging algorithms we have tested.
A separate e.xperiulent hns been performed to deter-
niine tile calibration paraineters. (latnera calibration has
not received much attention ill the literature but plays a
<entral t'ole in the perforntance of ol>erational vision sys-
toni. Sonic treatn/ent of eMil)ration techniques can bc
found in [12, 1;t, 1,I]. The approa(:h taken here has been
Io (1) place a grid of target points within tile can{eras'
fiehl of view, (2) illeaSlllC tile local, ions of target points
relative to the heli(:opter body axes, (;/) deterntine the
pixcl locations of the l<trgel f)oinis in a di,gitized ilnaR>e
taken with t,hc {:anlera, altd (4) estinlate the ealllera eali-
bratiou parameters r(,iating the two sets of measurements
I>y solving a nonlhicar cost niininlization problenl.
'Fhe <:alil>raiion procedllre /lses it grid of horizolltal
alld vertical lines, the 9!t intersections of which serve as
the calibration l ar_>ets. A Slll'Veyor >s transit is used to de-
terntine the target locations in the helicot)ter body axis
s vs[enl with all acciira(y of apl>roxintately :1: ;/ nlln, f+iw'
target pOillls are lneasllred directly, front which the re-
Itiahihlg target locations call be interpolated. '['he ellth'e
grid asselnbly is stationed at four ditferent distan('es hi
front of the callleras rall,_ing between eie, hl a.IId 22 t'eet.
[?rein it digitized ilnag>e, tile target I>ixel local{oilS ill'{'
t])nlid with subl)ixel aCCllracv by conipnl, inp_ the intersec-
tions of Clll'VeS fit to each of tile grid lines. }:irsl, the in-
tensity (listrihution perlmndieular to Oil(' of the _ri(t lines
at, SOllle slai,ioli is exalnilie(I. The ilitelisily peak, which
is deterntiiied by locally tii,thig tile inlensily distrit)ution
with a parabola., de|hies Olie pohll on t]ie t4rid |inc. The
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i>roc{,ss is repeate(I for several station, along eacil grid
liue. and the resulting points are tit with a (urv(: (;_ line or
higher-order l)olynomial deport(ling (m the sig.ificance
of image distortion), 'Phe (:urv(,s' int{'rsu{tions are de-
tvrmined ntathematically to _ivc lh,, tai,_,,t Io(ations to
su bpi xel ;-leCllracy.
In the final step, thP parant_,t(,rs aro ('stintaid by
mildnlizhlg a eost t'unctio, whMI i.', a sum d" squared er-
IorK |(!rillS, "]"_VO g,_tnera] apl)roachcs w(r{, I ilkcil; _'x|,illl&{,-
hig tit(' paralnetel's for each (';tlll(,i;l SOl);lratH 3 and esli
Illa.lill_ thlt [);,tl'a.llle|,ers [or I)olh (alllt'l';t_ killllll|;tll{'()llSly,
lu tin, first case the (:()st fllncliou is ihu ",urn of cri'ors
iN (lislauce t}('l,w{'en the Ineasured l;llU>vl i)ix_,l hx:aiions
ali(] th<, esthuaied l>ixd Iocatious has('d on Ih<. Inea_,lll'l.iI
t}o{ly-a.×is locations itlld p(.i.,qnl;ll{,d ll;tl;llll{,I(,i- v;lhl{,S. In
;t varialion of lliis eosl funclion, l}eii;iliy IPrlns w(q'(, lid
chlde(I for viohtlion of Tsai's radial ali_nili{.ul C{}llSlrainl
[12]. This c;tlil)ralion proce(lllll < r,'.-.illtP(I ill t/X17 {'rll}rs
of al)l}i'o×hnaJ{tly I).,1 pixel, llowlwcr, iisiu_.t tim rvsiillhiR
calihraliou l) tr llll{ lel'S wiih l lm lilC;l>lll{,{t I;il',_,.i t,ix_,l hJ
(;ltion_ Io vslhn;ilo lho corr(,sl}on(thi _ be(15 axis h}c;ition._
ilSili_ Mereo huuls io lai'Re errors. Ity usiinialhig lh,, cal
ibralion i)aralli{,tel.S fin" holh ('alli{,ras shnuhaneously I.Im
_lf'l'{'{') r;llit! _ erl'ors Clill he l'_Xluccd illr{)u,_li nll_lll(>llta-
lieu o[ ltiP cosl t'llll{'lion. _eVelal varialions (}f iliu {'osi
tUllcl.ion were iliipienieilled, hill liiih, dilh,l'cncP was ol)
s{.rvv(I hi Iliu r_'sull so IOll_ ;i._ ll.ililS v,'_,r_, hi(tiided for
i ii{)r,_ in lhc h}caiion of largel pohils in llie ilna_(, lllaliP
and in ilia, he< y axes. {VeigtiliiilA fill {'rl(.ir iJr t).:t pixel in
ilic hiiage t)hiliW cquivah:nlly wiih a 1}.2D iuch l,l'l'l)l-hi Ihe
h(}{Iv axe.-, I,';t<l> ilJ ;tll tlXIS ('llt)l' Uf ;i[)l}l'Oxiinal<,ly I).')
pix,'l and (171 inch. resl)cciivvly.
4 Results
Vii<' illl;l_(' sv(tilOllC(, il_l'd in t4cii(,ralill_ lti{, ic>utls _>iV{,ll
hi ltii_ :q'(liou was lak(,ll wil h I liu llHicol>i,.r I]_lhBvhl_ a
II()lliinaltv Mi';iiglll Ilighl i)alh ;ll a vN()(ily el ;ll)(}lil 75")
kllOls 112 ft/sv, ) 7{) f'.,q above: ;i runw;iy _ix liu('ks w(,ro
ll()_ili(}lil'(I al()li_ Ihc rllllW;t.v 1o s_.rvt <;is _)hsi;ich.s. iililially
rall_>hig hvlwel,n 51){)alld I1011 I]'_'i tiOlU Ilia. li,.licopl{:r.
l"igiirc ;I shows the tirsl aild him hilaK_> in a _(qlltql('(l ()f
1<41}tlallit,s lakell wilh Ilie Ivfl C;illlCl;i li is ii(}t{<l lhal {11
Sl)ii, , o[ lira nolnhlally slraighl line fli_>lii p;ilh, Ilia, I:O1';
((h'l,i<'i,'d I)y crossliah's hi Vigiire 3) Iravds 3{I l,iX(,Is in
t)oi h llio horizonlal and verlical ,Ih'_'( thins l llrOilp, holll lhc
inl;t_c _.c{t n(,ll(.(,.
The image Seilllelice is [}roc{,ss(,ll wiih lhe mo-
lioilisll,r_:(} algorilhni of _eclion 2 _iviluA lht, l_lll_{, es-
linialcs it)ilt}proxinlaleiy ;/{l(I [(tatlllt,$ in each hila_e. To
I'V;tlllal( > lhe al_orilhins i}(trforlllall{.{h lhu ;i',tq';i_< of lh('
I'all,_,t' c>liliiall.s for all fi'aturt,s hl,h)ii_hiR 1{} l,;ich Iriick is
C_}lnl)illv{t. '1 lie_.(, preliniinary i'l'sulls lur Iti<. Jiv_. <:losvst
lrllCkS tired <_iVeli ill Tahle 1 alOil_ with tile I111(, i';111_{, ;it
I'lanil, IIIIIlil){,rs I, 61), 121), and I_(I. F\}l i+.fciulic(h lhu
cori'{'st)ondin _ rusulls ohl;iili(,(I wiih lhe varliur InOllOCU-
l;il rali_hig ;llg(}rilllni are atso sliOWli ill l';ibh, I. The
tn'('linihiary i'eSlllts ._hov¢ tha! ill+, hlili;il i';ill_,l, _,41inial.es
arl' si_nili(;inlly better IlSilI_ tit(! sit're{) ili_'llil}{t ;is o×-
I)e('Id since ttie trucks are I>oth far awa3 and close, to
Iliu I:()1",, Over ihne, the additional lil,'asurvillvllis lead
lo hnprovd range eslhnaies and ihc rc-,uhs of holh
I'M>h! I: I)relinlinary If;ulge Results
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nletho(Is l:(}liVvrgl' toward lhe [rue range. Note thai i.he
nlotiou/sler,,o (';tst_ sOtllel.illleS pro(hices less acCIIl';ile re-
stilts, poleniially due to the followhig cilaxacterisi, ics of
l.he currently-hnphmiente(I algorithni. Ilange esl.inlates
are not always _vailahle IlSillg the stereo inotion mettled.
hi fax{ there are only half as lll_iny fe&tllres resulting
front lile niolion/stcreo iltetliod as froin the nionocula.r
niel.llod, indi{-atii+ig fewer (though hopefully strOllgel') lea-
lure nia.lches _Ollietiines eVeil apparently strong fe&lllres
lllay tTtil 1o inaicli in t)olh {';illler;ts which Oll further eXa.lll-
hi;ilion is ;tllrihuio(I I(} sniall-scale dif[r:rences I)etween lh(.
illl;tges froin the lwo c;inleras due Io image noise and lit{
{li[['erelic_,s iii lll_, _;ttii(,r;is lhelnsolves. Ir_ nl{}{lil<ical.ion ot
the lra('kiiig s{'h('iliP il} inalcti ()lily I}elween ini_tges t;tkeil
with iti{' sa.ili{' {aiilera or I)ei.we{m inia.ges 18.k{ql ;ll lhe
S&lii{t lhne liiav toad lo belier niat{:]iin,. 1'2yen if inaicli-
big caiiliol I)e hnprov{'{I, lti{' inolion/slereo resulls c{}ul{I
[)e eilh;tll<('{I hy alh}whig l'_tllg{? {'SLilna.l{ts to lie prol}a.
gated ha_{<l Oil liiOii(J_'lll;ll- nioiion Oliiy l'a.l:tl{,r liian killhig
1.he [],al.ur{, in Ill(, event ltiai ;t stereo niatc[i {;a.iiilOl [}e
nia.{te. In lhis w_y, tile niolioli/sl_,rco algorilhni gi'_l{:{!-
fully {hRradu_ io ihv nion{}clitar algoritlini whoil si{,i(!<}
lnal('ties caitll(}l h{' ebiaiud, biii slereo in_oriiiaiion is
uiilizd vchl,n ii is a_iti]at)l(,.
5 Concluding Remarks
A hyl)ri(I ni(}lilm/_.i,.I,.o range estinlation algorithni has
he(ql descril>(d which C{}IIit}illeS lite slrenglhs Of sl{'reo
inelho{ts (i.{!., i';liil_ht_ wiih{}llt illOliOli all{I rang, hlg, lo ot}-
.iPeis li(';lr lily I:()F])iilltl nionocular niethods (i.v., r{Tilr-
si'¢e I;iltg{, I'CliilPiilelll ). This nloli{}n/siereo alg{}rhhni lias
I}l,{,u iliil)l+,iii,,lil_.,I ;is a I(allnan filler. A lielicopier flight
('Xl)erhneni w;t.s {'on(lucted I(} cu[h'cl data for validation
of the algorilhui, i}r_,liniinary resii]is in{ticate lhal. hiii ial
lnoiion/M{qeo range _,slin/ales are an ili]provenient ovi,r
hliiial inoilOClllar {'_,i.iniai(,s aiid lti_i hoth nleihods give
ralige resiills whi('h R{'uerally al}f}r(}ach the lru{! rang(, {}ver
lime. h was Ii{}l+'{I ihal seine illil)roveineill in llie rohust-
ilt,Ss {jr ill{, ni{>ii()ii/si(.r{.o ;ligorithin coul(I he oblahi_d [}y
290
]:i_int,_' 3: l+'h'M and l+ast linage+ ()f ll,:+li,::c.pttw +";(+qtten(_(+
allowhl_ it t_)d,+_rade to lhe mc, nocuhu' algotglhm for a
,_i'¢en lc+++lur,+` wheu a st_+reo nlatch ,.'allnOt I>_' ,,stabl++lwd.
In the lll]tlll'( ' "iV(' plau tt:. ('otlt+nue relinemctH (>1 tlt+' m(:.-
liott/+tt'l't_l +xl_.)rilhltI and ItJ teM +t whh llighl _etlllellt',"++
havill_ illrvHille;tr lltoliOll and illl,:t/2e+ of natural t,vrrain.
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